The results of anaerobic digestion (AD) of buttermilk (BM) and cheese whey (CW) with a digested sewage sludge as inoculum is described. The substrate/inoculum mixtures were prepared using 10% buttermilk and 15% cheese whey. The essential parameters of the materials were described, including: total solids (TS), volatile solids (VS), pH, conductivity, C/N ratio (the quantitative ratio of organic carbon (C) to nitrogen (N)), alkalinity, chemical oxygen demand (COD). The potential directions of biodegradation of the organic waste types, as used in this study, are also presented. Appropriate chemical reactions illustrate the substrates and products in each phase of anaerobic decomposition of the compounds that are present in buttermilk and cheese whey: lactic acid, lactose, fat, and casein. Moreover, the biogas and biomethane production rates are compared for the substrates used in the experiment. The results have shown that buttermilk in AD generates more biogas 
Introduction
Dynamic urbanization and fast development of human population contribute to the generation of a high volume of sewage sludge, one of the main byproducts in waste treatment. Many sludge treatment and disposal processes are used at present, for instance: composting, landfill, land application as well as incineration. Compared with the above-mentioned methods, anaerobic digestion is the cheapest and most effective method, in addition to being environmentally-friendly [1] . At present, it is the most widely used method for mineralization of the organic content of sludge in biological waste treatment plants. Digestion helps produce humified sludge with high fertilizer qualities, which is free of pathogens, and does not generate any unpleasant smell during storage [2] . The digested sewage sludge also has a lower content of volatile fatty acids (VFA) and higher alkalinity: this means higher buffer capacity, which is especially important during its use as inoculum. Unfortunately, owing to the limited content of solids sewage sludge as well as the presence of inhibiting compounds, such as heavy metals [3] , biogas production in anaerobic digestion (AD) with the use of raw sewage sludge (raw SS) is very low. Combining a raw sewage sludge as a co-substrate with assorted kinds of waste, such as food-processing [4] , agricultural [5, 6] , municipal waste [7] in anaerobic co-digestion (AcoD) is a well known and widely accepted method in some countries, for instance, in Germany and Scandinavia [8] -the pioneering countries developing their biogas production experiments for the last two decades.
Our literature survey indicates that there exist technological reasons for the choice of waste types and ratios [9] that are suitable for preparing a digestion mixture for AcoD. Its composition, as shown in previous studies, is decisive for: the biogas yield, reactor stability, and solids destruction efficiency. The most direct benefits of a suitable choice of substrates include pH control, improved balance of nutrients, and reduced action of inhibitory compounds. The raw and digested sewage sludge is characterized by high buffer capacities which enable optimum pH ranges from 6.8 to 7.5 for the AD [10] . Literature data indicate that an addition of sewage sludge in AcoD may be beneficial both in the case of fruit and vegetable waste and glycerin or fat [11] .
The substrates used in the present work were cheese whey (CW) and buttermilk (BM) waste, combined with a digested sewage sludge. Cheese whey is a byproduct of cheese making. It has a high content of hydrocarbons, including -mainly -lactose, soluble proteins as well as lipids, mineral salts comprising NaCl, KCl, calcium salts. Cheese whey is also rich in lactic acid, citric acid, and B group vitamins [12] . Its exceptionally high content of organic substances is rather problematic in the aspect of its treatment as waste. In a method of its disposal, cheese whey is subjected to anaerobic digestion, although AD is not very popular in the dairy industry, mainly because of problems with its realization. Having a high lactose content, cheese whey tends to have an acidification effect early during AD, resulting in reduced levels of pH. The yield of AD of cheese whey is low, which is connected also with low pH of cheese whey [13, 14] . Another cause is the high content of Na + in a salty whey [15] , inhibiting the AD process. Previous studies on the disposal of CW by anaerobic digestion were focused on various methods to improve the process efficiency and stability. The most important methods include: (i) longer hydraulic retention time (HRT) [16] , (ii) use of different process configurations [17] , and (iii) suitable choice of co-substrates. It is a frequent practice to combine methods. The substrates that have been used in studies before, such as: vegetable and fruit waste [18] , cow manure [19] , dairy manure [14, 17] , cattle slurry [20] , ensiled sorghum and cow manure [16] , do not only function as buffers: they also provide a better nutrient balance, ultimately contributing to higher biomethane or biohydrogen production rates. There is no report on any AD process with the use of cheese whey with digested or raw sewage sludge.
Buttermilk is the aqueous phase left behind after churning butter out of cream. Its chemical composition tends to vary with that of the milk. On average, it is 91% water plus 9% dry matter, including: lactose, nitrogen compounds, fat, and other mineral compounds [21] . Buttermilk -just as cheese whey -is characterized by high concentrations of soluble organic matter and is readily biodegradable; this makes this residue particularly suitable for anaerobic digestion. Buttermilk waste, as a product of the dairy industry, can be utilized as a substrate for biogas plants, in co-fermentation with other waste types, such as cattle slurry [22] . In contrast to cheese whey, no reports have been found in literature describing studies dedicated to digestion of buttermilk as a sole material.
It was the objective of this paper to analyze and compare biogas and biomethane yields of dairy waste using the example of buttermilk and cheese whey. The inoculum was a digested sewage sludge. The studies reported in this paper were carried out in a laboratory scale in anaerobic batch reactors, in controlled (mesophilic) ranges of temperature and pH. In comparison with the information reported in literature, the authors of presented article, obtained the same results for buttermilk and somewhat better ones for cheese whey.
Materials and methods
Substrates and inoculum. The digested sewage sludge (inoculum) samples were obtained from a biogas plant (2.793 MW) operating at the municipal wastewater treatment plant in Aquanet S.A, Poznan. Buttermilk waste and cheese whey were provided by a dairy company located about 50 km from Poznan. The characteristics of the substrates used in this study are shown in Table 1 .
Biogas production set-up and procedure. The digestion mixture ratios were established according to the VDI 4630 guideline concerning digestion of organic materials, substrate characterization, sampling, collection of material data, and digestion tests [23] . Based on the said guideline, the authors attempted to keep the solids content (total solids, TS) of the batch at 10% of less to guarantee adequate mass transfers, the C:N ratio of the mixtures was in the range 10-30, and the pH of the mixture before digestion was between 6.8 and 7.5. The mixture compositions and some of their parameters are shown in Table 2 .
Biogas production rates as well as biogas and methane yield analyses were carried out in accordance with the German standard DIN 38 414-S8 [24] . The methane digestion process was carried out in a multichamber biofermenter (Fig. 1) .
The authors used 9 digestion chambers in these tests; each substrate and the control were digested in 3 repetitions. Five 1.4-dm 3 biofermenters were filled each with 1 dm³ of a starting material comprising suitable substrate mixtures. The material was stirred once daily (every 24 hrs). In the absence of oxygen in the digestion chamber, the inoculum was added, creating the perfect conditions for methane production. The biofermenters were provided with a water jacket (3) connected to a heater (1) in order to control the temperature and perform the process in a desirable temperature range. The study was carried out in mesophilic temperature conditions (at ca 39°C). The biogas produced was transported, via tube (6), into tanks (7) after filling them with a neutral liquid. In accordance with the VDI 4630 guideline, the experiment was continued for a given substrate until the daily biogas production was lower than 1% of the total generated amount of biogas [23] . Retention times for the materials used in this study (cheese whey and buttermilk) were similar and relatively short (Fig. 2) . [26] [27] [28] .
Analysis of gas samples. The gas volumes generated were measured once daily. Qualitative analyses of the gas were carried out for the gas volumes of not less than 1 dm 3 , initially once a day, then -as lower volumes were generated -once in three days.
The levels of methane, carbon dioxide, hydrogen sulfide, ammonia, and oxygen were measured using IR absorption sensors and an electrochemical sensor line. Measurements of the gas concentration were performed using Mg-72 and Mg-73 measurement devices from Alter S.A. The gas monitoring system was calibrated once a week using calibrating mixtures from Air Products, which were used at the following concentrations: 65% CH 4 , 35% CO 2 (in a single mixture) as well as 500 ppm H 2 S and 100 ppm NH 3 . Synthetic air, having an O 2 content of 20%, was used for calibration of O 2 .
Calculation of cumulative biogas and methane. After completing the quantitative and qualitative analyses of the gas obtained, the last step is to assess the biogas yield per unit of organic dry matter in the reactors filled with the substrate mixtures or the reference substrates, the ratio of gas generated from the seeding sludge in the test is calculated from the equation below:
where: V IS(corr.) -gas volume, released from the seeding sludge [ml N ] (milliliter normal); ΣV IS -the total gas volumes in the test performed on seeding sludge for the given test duration [ml N ]; m IS -mass of the seeding sludge used for the mixture [g]; and m M -mass of the seeding sludge used in the control test [g] .
The specific digestion gas production V S from the substrate or reference substrate vs. test duration, is calculated step by step from reading to reading in accordance with the equation:
where: V S -specific digestion gas production relative to the ignition 
Results and discussion
Substrates and inoculum characterization. Buttermilk waste (BM) and cheese whey (CW), as used in the present work, are characterized by the total solids (TS) content of 7.44 and 4.43% and volatile solids contents of: 92.58 and 84.21%, respectively, as shown in Table 1 . Higher values of TS and VS for buttermilk led to higher production rates of biogas (including methane) in the AD process that was carried out using the material. . C/N ratios for BM and CW of 33 and 38, respectively, are sufficient to enable the development of methanogenic bacteria. The above parameters of the materials are comparable to literature data [21] . The concentration of ammonium nitrogen N-NH 4 + which is known to have an inhibitory effect on anaerobic digestion for BM (0.35%), CW (0.32%), as well as for a digested sludge -or the inoculum (2.48%) -does not exceed the critical ammonia N concentration [29] . Buttermilk (273 mg CaCO 3 /dm 3 ) and cheese whey (352 mg CaCO 3 /dm 3 ) in the present study had alkalinities similar to those reported in literature [16] . The high content of organic substances in both kinds of waste determines their high Chemical Oxygen Demand (COD) [13, 21] which, according to the findings, is 103560 mg/dm 3 for buttermilk and 65700 mg/dm 3 for cheese whey. Digested sewage sludge (inoculum) has a low content of TS (3.46%) and a nearly neutral pH (Table 1) . Besides, it is characterized by rather high conductivity (26.6 mS/cm), indicating the presence of mineral components which may favor the growth and metabolism of anaerobic bacteria and, therefore, also methane production rate. According to the results, the inoculum has higher concentrations of potassium, magnesium, and calcium, compared with the raw SS (sewage sludge). Moreover, the inoculum characterized by relatively high alkalinity (4150 mg/dm 3 ), which can be essential for maintaining a stable course of the AD process for the dairy waste used.
Buttermilk and cheese whey biodegradation. The buttermilk and cheese whey decomposed in this experiment have very similar chemical compositions. Their main biodegradable components are: lactic acid, lactose (so-called "lactic sugar"), fat, and casein. Based on the date in literature [30] , as well as chemical knowledge and experience [31] [32] [33] , the authors of presented paper, have proposed the possible directions of biodegradation for the organic waste materials in this experiment; they are shown in the form of chemical reactions (1) to (47). Knowledge about intermediate products of biodegradation of organic matter used as the feed in biogas plants is very important for maximization of the efficiency of anaerobic digestion. This provides information, not only on the potential methane production, which results from stoichiometry, but also on the duration of digestion of the respective materials by the bacteria, and inhibitors which are generated in the biodegradation process.
Hydrolysis
(1) 
Biodegradation of lactic acid may initially (in hydrolysis) lead to the formation of propionic acid, acetic acid, carbon dioxide, and water (1). Propionic acid, in the acidogenic phase, is decomposed into CH 3 COOH, CO 2 and H 2 (3). The second product, acetic acid, can be digested by methanogens and converted into CH 4 and CO 2 (5). Hydrogen (G) and carbon dioxide (F) are, respectively, reactants for the synthesis of molecules of acetic acid (H) and water in the acetogenic phase (reaction (3)). In the methanogenesis phase, acetic acid from the respective phases (B, E, H) is biodegraded into CH 4 and CO 2 (5) . At this stage, CO 2 and H 2 -the products of hydrolysis and acidogenic phase -enable microorganisms to generate more methane and water (6). 
The hydrolysis of lactose, as another component of buttermilk and cheese whey, produces galactose and glucose (7) [34] . In the next stage, the products (A and B) are decomposed into ethanol and carbon dioxide (8) and/or propionic acid and water (9) . In the acetogenic phase, alcohol reacts with water, producing acetic acid (10) . In that stage, acetic acid (in addition to CO 2 and H 2 ) may be produced also by decomposition of galactose or glucose, which have not been completely digested by the hydrolytic bacteria (11) . At this stage, the authors envisage also other directions of the formation of acetic acid: from propionic acid (12, 14) as well as from H 2 and CO 2 (13) . In the methanogenic phase of decomposition of lactose, ethanol potentially combines with CO 2 , resulting in the formation of CH 4 and propionic acid (15) as final products. Other possible directions of the formation of CH 4 involve decomposition of the acetic acid molecules that were formed in the preceding stage (16) and bonding between CO 2 and H 2 in such amounts as are indicated by stoichiometry (17) . Palmitic acid triglyceride and linoleic acid triglyceride are the major components of milk fats [35] . Their hydrolysis is based on decomposition into glycerol and palmitic acid (18) and linoleic acid (19) . The two acids are decomposed in the acidogenic phase into simpler chemical compounds, denoted as A P to G P for palmitic, and A L to H L for linoleic acid (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . The products of decomposition of the two acids comprise, essentially, the following: ethyl alcohol; 2-oxopropanoic acid; 1,4-butanedioic acid; 2-hydroxypropanoic acid; propan-2-one; methyl alcohol and methanoic acid. In considerations, it should be taken into account that glycerol -the second product of degradation of triglycerides (18 and 19) -also is biodegraded into simpler compounds. Probably, glycerol is hydrolyzed to form glyceric aldehyde, CH 2 (OH)CH(OH)CHO and dihydroxyacetone, CH 2 (OH)COCH 2 (OH), which can also cause acidification of the mixtures digesting. 
Reactions (33) to (43) take into consideration the products of decomposition of palmitic and linoleic acids. In the acetogenic phase, decomposition of ethyl alcohol (33), 2-oxopropanoic acid (34), 1,4-butanedioic acid (35), 2-hydroxypropanoic acid (37), propanoic acid (38) and propan-2-one (39) leads to ethanoic acid. Moreover, reactions (35) and (37) produce products -such as polyglycolic acid and propanoic acid -which are further decomposed, for instance into methanoic and ethanoic acid (36, 38) . The acetogenic phase is also the source of H 2 , CO 2 or even CH 4 (39), which are a perfect nutrient for the methanogenic bacteria (40-43).
Casein, is the most important protein, which representing 70% of the general volume of proteins in milk [35] . Moreover, it is qualified among phosphoproteins and glycoproteins which means that phosphate and sugar residues are incorporated in its protein chains. According to literature, casein is composed of C -53%, H -7%, O -22%, N -15.65%, S -0.76% and P -0.85% [35] . Using the above composition, the authors of this paper found the following molecular formula of casein: C 185 H 294 O 57 N 47 SP. To generalize chemical reactions in the biodegradation of the rather complex compound, the authors adopted the following formula: n-protein-C-NH 2 SP. Hydrolysis leads to decomposition of casein which is a biopolymer into amino acids (C x H y O z N a S b ) and phosphate residues, P (44). In the acidogenic phase, decomposition of amino acids leads to the formation of simpler organic compounds, similar to those described earlier for this stage, in addition to NH 3 and H 2 O (45). The acetogenic phase leads (46), by analogy, to the formation of acetic acid, whereas methanogenesis produces CH 4 and CO 2 (47).
Acetogenic phase
Stability of pH. Cumulative biogas and methane yield. The BM/inoculum and CW/inoculum mixtures, subjected to AD, were characterized by neutral pH values (Table  2 ). For the duration of the experiment (14 days), the pH of buttermilk was not very much affected, as shown by the profile of the pH curve in Figure 2 . The fact results from the favorable C/N ratio of the BM/inoculum mixture; the ratio was obtained by selecting suitable ratios of the mixture components. A stable course of AD for buttermilk is affected also by the chemical composition of the starting material which, according to literature data, is as follows: water 91%, fat 0.50%, protein 3.10%, lactose 4%, mineral salts 0.70%, and lactic acid 0.60% [21] . Buttermilk is a readily biodegradable material which resists acidification initially in the process due to its low fat content. The yield of biogas obtained in the experiment from buttermilk is rather low at 51.20 m 3 /Mg FM (FM -fresh matter) (Table 3) . However, methane concentration in the biogas obtained from the material is high at 70.37%, showing that buttermilk is a good substrate for AcoD. In terms of dry organic matter, the yield of biogas is 743 m 3 /Mg VS.
The curves showing the daily production rates of biogas and methane (Figs. 3 and 4 ) have regular profiles, as the biogas output is on the increase until Day 14 (Fig. 3b) . Fig. 2 . pH variation profiles for buttermilk and cheese whey By contrast with buttermilk, the AD process based on cheese whey was disturbed as early as Day 1 of the experiment. The pH dropped to 6.75 (Fig. 2) , exceeding the optimum pH limit for the functioning of the methanogens.
Methods proposed to offset the undesirably low pH include co-digestion with other materials more often than not. Moreover, chemical compounds such as bicarbonates or NaOH [36] have also been used for years to stabilize the pH. The use of Ca(OH) 2 is not recommended as it may lead to calcium sediments in the biomass [37] . Researchers found a solution to the problem of high concentration of Na + in cheese whey by adding suitable surfactants; thus, they obtained a considerable increase in the volume of biogas, including the methane share [15] . Reducing the pH on Day 1 of anaerobic digestion of cheese whey in this experiment did not essentially affect the course of the entire process of which the duration, for that particular material, was 12 days (Fig. 2) . Biogas production rate was on a stable increase, as shown by the diagrams in Figures 3 and 4 . However, the yield of biogas, was much lower in this case, as compared with buttermilk: the volume obtained was 22.4 m 3 /Mg of fresh matter (FM). This was partly due to the low value of total solids (4.43%) for CW, as compared with BM ( Table 1 ). The methane content of biogas is also lower for cheese whey (56.27%) in comparison with buttermilk. The essential cause of the low methane production was the lower amount of H 2 . The volume of H 2 , generated during the degradation of CW, results from the lower contents of fat and protein in the material: their combined concentration is 3.6% for buttermilk and ca. 1.5% for cheese whey (protein -up to 1%, fat -up to 0.5%) [12] . However, the volume of methane obtained in the tests with the use of CW is several percent higher compared with literature data [17, 20] . This quite good result is connected with the stable course of AD for cheese whey. In this study, the authors used a suitable amount of digested sewage sludge as inoculum which, just as cattle slurry, enables digestion of cheese whey without addition of any chemical stabilizers or complex technological solutions [20] . 
Conclusions
Both buttermilk and cheese whey are the types of starting materials which, having a high content of organic compounds, are useful as a feed in biogas plants. On the other hand, with their pH in the acidic range, low content of total solids, and low C/N ratio, the two materials require a suitable amount of co-substrates. The digested sewage sludge which was used as the inoculum in this work, having a high buffer capacity, stabilizes perfectly the course of AD of dairy waste. The results obtained in this study have shown that buttermilk as a starting material for AD is a source of more biogas (743 m /Mg VS -biogas and methane, respectively). It was found that the reason why less biogas and less methane is obtained from cheese whey is, essentially, its lower total solids value and low content of fat and protein (a total of 1.5% or less) -a source of H 2 which, in reactions with CO 2 , is indispensable to generate CH 4. Essentially, buttermilk and cheese whey are low-efficiency substrates in AD and the results obtained by the authors are comparable with literature data. The authors are planning to continue a study with the use of another high-energy co-substrate, such as fats.
